Abbreviations
=============

mTOR

:   mammalian target of rapamycin

PTEN

:   Phosphatase and Tensin Homolog deleted on chromosome 10

TSC1

:   tuberous sclerosis complex 1 or hamartin

TSC2

:   tuberous sclerosis complex 2 or tuberin

POF

:   premature ovarian failure

PA

:   phosphatidic acid

PRO

:   propranolol.

Introduction {#s0001}
============

In mammals, the functional oocytes that give rise to offspring are sequestered in primordial follicles before birth and remain quiescent in the ovary, sometimes for decades.[@cit0001] The recruitment of primordial follicles requires highly controlled mechanisms to ensure that only a limited number of primordial follicles could be activated at any given time, thus providing a steady supply of fertilizable oocytes during the reproductive lifespan.[@cit0002] In humans, natural menopause occurs around 50 y of age, when less than 1000 primordial follicles remain in the ovary.[@cit0003] Some women suffer premature menopause, also called premature ovarian failure (POF), due to cessation of ovarian function before the age of 40 years. It is a heterogeneous disorder affecting approximately 1% of women \<40 years old and characterized by the disappearance of menstrual cycles associated with premature follicular depletion.[@cit0004] Many reasons can cause POF, such as genetic defects, autoimmunity and toxics.[@cit0005] Recently, with increasing survival rates following chemotherapy and radiotherapy for malignant diseases, their negative effects on ovarian reserve in young women have highlighted the need to preserve or restore patients' fertility before or after oncologic therapy.[@cit0006] Because nearly no follicular development and ovulation were observed in POF patients, only IVF and embryo transfer using donor oocytes have demonstrated to be viable fertility treatments for them.[@cit0005] However, there is possibility that certain numbers of primordial follicles still remain in POF ovaries. The reason why these follicles cannot be used with current in vitro fertilization (IVF) techniques is that they do not express the receptor for follicle stimulating hormone (FSH) whereas FSH stimulation of the follicles is the first step of the procedure in obtaining fertilizable eggs.[@cit0002] Therefore, activating these primordial follicles and causing them to enter the growth stage is a new approach to helping POF patients reproduce their own genetic babies.

Currently, a series of studies using genetically modified mice revealed that the intra-oocyte PI3K signaling pathway plays a central role in regulating the activation of primordial follicles.[@cit0008] Targeted depletion of the key molecules of the pathway, such as *Foxo3* (forkheadboxO3, a downstream inhibitory transcriptional factor), *Pten* (Phosphatase and Tensin Homolog deleted on chromosome 10, an upstream negative regulator), or *Pdk1* (3-phosphoinositide dependent protein kinase-1) caused infertility through accelerated depletion of primordial follicles.[@cit0010] Double deletion of the oocyte *Pten* and global *Foxo3* or double deletion of *Pten* and *Pdk1* in oocytes revealed the linear upstream and downstream fashion in which the molecules regulated activation of primordial follicles.[@cit0013]

Mammalian target of rapamycin (mTOR) is one of downstream signals that can be regulated by the activation of Akt. mTOR has also been shown to be involved in follicular activation. The mammalian target of rapamycin (mTOR) assembles a signaling network that regulates a myriad of cellular and developmental processes in response to nutrients.[@cit0014] As a protein Ser/Thr kinase, mTOR exists in 2 biochemically and functionally distinct complexes, mTORC1 and mTORC2, according to their sensitivity to rapamycin.[@cit0015] Heterodimeric complex of tuberous sclerosis complex 1 (TSC1 or hamartin) and TSC2 (or tuberin) is one of the most important sensors involved in the negative regulation of mTORC1 activity.[@cit0016] Mice lacking *Tsc1* or *Tsc2* genes in oocytes all showed an identical phenotype with premature activation of all primordial follicles.[@cit0012] Although Tsc/mTORC1 signaling has been proposed to be downstream of PTEN/PI3K signaling in some cell types, the functions of both PTEN and Tsc in maintaining the quiescence of primordial follicles do not seem to have an upstream and downstream arrangement in mouse oocytes.[@cit0018] Double deletion of *Tsc1* and *Pten* in oocytes has been found to cause synergistic enhancement of oocyte growth relative to mice lacking either one but not both.[@cit0017] These findings suggest that the intracellular PTEN/PI3K pathway and mTOR pathway regulate follicular activation in a parallel and collaborative way.[@cit0013]

Transient treatment of PI3K stimulators has been found to activate primordial follicles in neonatal mouse ovaries and in human ovarian cortical tissue.[@cit0019] However, though genetically modified mice can show premature activation of all primordial follicles, only some of the primordial follicles responded to PI3K stimulators and developed to the preovulatory stage. When this in vitro activation approach was used in human POF patients, one healthy baby was delivered out of 13 attempts.[@cit0020] The success rate is still very low. As it is a possible unique infertility therapy for POF patients who still contain residual follicles in their ovaries, it is important to optimize the approach by increasing the efficiency of follicular activation. Because the mTOR signaling pathway is also involved in the recruitment of primordial follicles and functions collaboratively with PTEN/PI3K signaling, it may be useful to determine whether or not mTOR stimulators have any effect on this in vitro activation approach. In the present study, the mTOR activators phosphatidic acid (PA) and propranolol were used to show the activation of primordial follicles in both neonatal and adult mice.[@cit0021] mTOR stimulators can also activate primordial follicles from human ovarian cortical tissues cultured in vitro. Synergistic enhancement of human follicular development was further observed with mTOR and PI3K joint treatment. It is proposed that increasing the efficiency of follicular activation in humans may be a good approach to treating POF patients.

Results {#s0002}
=======

mTOR stimulators increased follicular development of newborn mice {#s0002-0001}
-----------------------------------------------------------------

Primordial follicles in newborn mice can be activated by transient incubation with PI3K stimulators.[@cit0019] Studies using mutant mice with oocyte-specific deletion of *Tsc* genes indicated that the mTOR signaling pathway regulates follicular activation.[@cit0012] For this reason, it was hypothesized transient incubation of ovaries with mTOR stimulators could also activate primordial follicles. Recent reports showed that mTOR signaling can be regulated by phosphatidic acid (PA).[@cit0024] Exogenous PA or propranolol (PRO), a PA phosphatase inhibitor that can prevent endogenous PA from being converted to diacylglycerol (DG), are widely used as mTOR activators in different cell types.[@cit0026]

As shown in [**Figure 1A**](#f0001){ref-type="fig"}, when neonatal ovaries at day 3 of age were treated either with mTOR stimulators PA or PA plus PRO (PA/PRO) for 24 h, immunoblotting analyses indicated increased phosphorylation of S6K1 and rpS6, the downstream molecules of mTOR. In control ovaries, immunostaining of p-rpS6 was expressed mainly in the growing oocytes of secondary follicles ([**Fig. 1B**](#f0001){ref-type="fig"}a). There was barely detectable staining in primordial or primary follicles ([**Fig. 1B**](#f0001){ref-type="fig"}c). However, in treated ovaries, p-rpS6 was found to be expressed in some oocytes of primordial follicles ([**Fig. 1B**](#f0001){ref-type="fig"}d, arrow heads). Results also showed more p-rpS6 positive secondary follicles compared with control ovaries ([**Fig. 1B**](#f0001){ref-type="fig"}b, arrows) which demonstrated their better development potential after treatment with mTOR stimulators. Figure 1.Activation of mTOR-S6K1-rpS6 signaling pathway in neonatal ovaries after treatment with mTOR stimulators, PA and PRO. Ovaries were collected after 24 h of treatment. (**A**) Western blot of ovarian proteins with specific antibody for p-S6K1(T389), S6K1, p-rpS6(S235/6), rpS6 and β-tubulin. S6K1, rpS6, and β-tubulin were used as internal controls. (A,lower), Densitometry of western blot was quantified and shown by p-S6K1(T389)to S6K1 ratios and p-rpS6(S235/6)to rpS6 ratios. The ratios of p-S6K1(T389)to S6K1 and p-rpS6(S235/6)to rpS6 in control were designated as 1. The data in the graphs were presented as mean±SD of three independent experiments. \*, *P* \< 0.05; \*\*, *P* \< 0.01, compared with controls. (**B**) Immunostaining of p-rpS6 in ovaries treated w/o PA/PRO. (a) and (c), control non-treated ovaries. (b) and (d), PA/PRO treated ovaries. (c), (d) is the higher magnification of (a) and (b), which showed primordial follicle pools in the ovary. Black arrow, representative p-rpS6 signals in oocytes of growing secondary follicles; black arrowhead, representative p-rpS6 signals in oocytes of primordial follicles. Bar = 100 μm.

After 24 h of in vitro incubation, paired ovaries (treated and untreated) from the same donor were transplanted under each side of kidney capsules in the ovariectomized adult recipient. Fourteen days later, greater ovarian size was evident in groups treated with PA or PRO alone than in paired controls ([**Fig. 2A**](#f0002){ref-type="fig"}). Furthermore, the most pronounced increase of ovarian size was found when ovaries were treated with PA plus PRO ([**Fig. 2A**](#f0002){ref-type="fig"}). In order to see the best stimulatory effects of mTOR stimulators, co-treatment with PA and PRO was used in all the following studies. As shown by histological analysis, there were more large antral follicles in PA plus PRO treated ovaries ([**Fig. 2B**](#f0002){ref-type="fig"}c) than in controls ([**Fig. 2B**](#f0002){ref-type="fig"}a). Not like clusters of primordial follicles seen in control ovaries ([**Fig. 2B**](#f0002){ref-type="fig"}b, red arrows), groups of primary follicles were more common in treated ovaries ([**Fig. 2B**](#f0002){ref-type="fig"}d, white arrows). Follicle counting of serial ovarian sections also indicated a significant decrease in primordial follicles and increases of follicle growth at different stages between control and treated ovaries ([**Fig. 2C**](#f0002){ref-type="fig"}). When samples were pretreated with mTOR inhibitor, rapamycin, or an Akt inhibitor such as SH5, only rapamycin was found to completely block the stimulatory effect of PA plus PRO ([**Fig. 2D**](#f0002){ref-type="fig"}). This suggests that the stimulatory effects of PA and PRO on follicular development actually took place through activation of mTOR signaling in neonatal ovaries. Figure 2.Increased ovarian development after PA and PRO stimulation. Paired neonatal ovaries were treated with or without mTOR stimulators, PA or PRO for 24h, followed by transplantation into kidney capsule of ovariectomized recipient mice. Transplanted ovarian grafts were collected 14 days later. (**A**) Isolated paired ovaries for PA (200 μM) *vs.* control; PRO (50 μM) *vs.* control; PA/PRO (200 μM/50 μM) *vs.* PA (200 μM); and PA/PRO (200 μM/50 μM) *vs.* PRO (50 μM). Bar = 1 mm. (**B**) ovarian histology by hematoxylin and eosin staining. (a) and (b), control ovaries; (c) and (d), PA/PRO treated ovaries. (b) and (d) are higher magnifications of (a) and (c), which showed clusters of primordial follicles (b, white arrows) in control ovaries and clusters of primary follicles (d, red arrows) in PA/PRO treated ovaries. Bar = 100 μm. (**C**) Distribution of follicles in ovaries treated with or without PA/PRO (n = 5). Data were shown with mean±SD. Sec, secondary follicle; EA, early antral follicle; LA, large antral follicle.\*, *P* \< 0.05; \*\*, *P* \< 0.01 *vs.* control. (**D**) Effects of PA plus PRO on ovarian development were blocked by mTOR inhibitor rapamycin (rapa) but not Akt inhibitor SH5. The symbol -/ indicated groups without the inhibitors. Bar = 1 mm.

To determine whether mature oocytes can be obtained from activated follicles, neonatal ovaries treated with PA/PRO were transplanted under the kidney capsule of hosts for 18 days and a single i.p. injection of hCG was given at 12 h before oocyte collection. As shown in [**Fig. 3A**](#f0003){ref-type="fig"}, mature MII oocytes were collected from PA/PRO-treated ovaries. Immunofluorescent staining of β-tubulin showed characteristic features of the metaphase II-stage meiotic spindles ([**Fig. 3B**](#f0003){ref-type="fig"}). Methylation at the 5-position of cytosines is an important component of the epigenetic code.[@cit0028] Genome-wide erasure of DNA 5-methylcytosine (5mC) has been reported to occur along the paternal pronucleus in zygotes beginning as early as 6 h after fertilization.[@cit0029] As shown in [**Fig. 3C**](#f0003){ref-type="fig"}, 5mC staining focused on the chromosomes of MII oocytes. After 10 h of in vitro fertilization, 5mC was expressed only in maternal pronucleus ([**Fig. 3D**](#f0003){ref-type="fig"}, red arrow), but no staining signals were observed in the paternal pronucleus ([**Fig. 3D**](#f0003){ref-type="fig"}, white arrow). These results suggest that oocytes collected from activated ovaries have normal epigenetic profiles during maturation and fertilization. To further evaluate the developmental potential of oocytes derived from activated follicles, collected MII oocytes were for IVF and early embryonic development was followed. After in vitro fertilization with donor sperm, the oocytes developed into 2-cell embryos (24 h, [**Fig. 3E**](#f0003){ref-type="fig"}) and eventually blastocysts (96 h, [**Fig. 3F**](#f0003){ref-type="fig"}). Some 2-cell embryos (total = 66) were also transferred into pseudo-pregnant females, leading to the delivery of 33 healthy pups capable of developing into adults with normal fertility. When compared the IVF rate and successful embryo-transferring rate with normal super-ovulated oocytes, although it\'s lower for the fraction of mature oocytes collected from transplanted ovaries developing into 2-cell embryos, similar percentage of live pups after embryo-transfer was obtained in both groups ([**Fig. 3H**](#f0003){ref-type="fig"}). This suggests that the developmental potential of oocytes is not affected by PA/PRO transient incubation. Figure 3.Evaluation of oocyte quality by immunofluorescence, in vitro fertilization and early embryonic development. Day 3 ovaries were treated with PA (200 μM) and PRO (50 μM) for 24 h and transplanted into the kidney capsules of recipient mice for 18 days. Mature MII oocytes were retrieved 12 h later, after a single injection of hCG into recipient mice. (**A**) MII oocytes punctured from the transplanted ovaries. (**B**) Immunofluorescence of β-tubulin on spindle and first polar body of MII oocytes. Green, β-tubulin; blue, DNA. (**C**) and (**D**) Immunofluorescence of 5mC on (C) chromosomes of mature MII oocyte and (**D**) pronuclear of zygote. Zygotes with 2 pronucli were obtained 10h after in vitro fertilization. Red arrow, maternal pronuclear; white arrow, paternal pronuclear. Green, 5mC; Blue, DNA. (**E**) and (**F**) Early embryonic development of retrieved oocytes after in vitro fertilization. Representative figures for embryos reaching (**E**) 2-cell (24 h) and (**F**) blastocyst (96 h) stages. (**G**) Healthy pups with a host mother following 2-cell embryonic transfer. Mature MII oocytes retrieved from activated follicles were in vitro fertilized with donor sperm of the same strain and obtained 2-cell embryos were transferred into pseudopregnant ICR mice to establish pregnancy. (**H**) Efficiency of embryonic development. IVF rate (2-cell/mature oocytes) and successful 2-cell embryo transfer rate (live pups/2-cell) of mature oocytes retrieved from transplanted grafts were compared with those of mature oocytes from super-ovulated mice. \*, *P* \< 0.05 *vs.* superovulated oocytes. All bars = 100 μm.

mTOR stimulators also increased follicular development in old mice {#s0002-0002}
------------------------------------------------------------------

To determine whether mTOR stimulators could also increase follicular development in mice with minimal follicle reserve, 10-month old female mice were chosen for intra-bursal injection with PA/PRO in one lateral ovarian bursa. Saline was injected into the other lateral bursa as a control. Paired ovaries were collected at 14 days after injection. As shown in [**Fig. 4A**](#f0004){ref-type="fig"}, there were more developmental follicles in ovaries treated with PA and PRO ([**Fig. 4A**](#f0004){ref-type="fig"}d, e, f) when compared with the other lateral control ovaries ([**Fig. 4A**](#f0004){ref-type="fig"}a, b, c). Follicle counting also showed significant increases in different stages of developmental follicles, ≈1.2, ≈1.2, and ≈1.5 fold increase of primary, early antral and large antral follicles in treated ovaries ([**Fig. 4B**](#f0004){ref-type="fig"}). In another experiment, some mice were injected with PA/PRO or saline in both lateral ovarian bursas. Monitoring estrous cycle was started 18 days later and only mice in estrous were mated with fertile male mice. After mating, only 3 out of 6 (50%) control mice injected with saline were pregnant, but 8 out 11 (73%) mice subjected to intra-bursal injection of PA/PRO delivered live pups. There were more live pups delivered in the mice after PA plus PRO intra-bursal injection, with an average of 9 pups per mouse as compared with control 5 pups per mouse ([**Fig. 4D**](#f0004){ref-type="fig"}). The results suggest that mTOR stimulators can stimulate follicular development even when the follicle reserve was very low. Figure 4.Stimulation of follicular development in old mice by PA and PRO. PA/PRO (200 μM/50 μM) mixture was freshly prepared and injected directly into the ovarian bursa. For some animals, one lateral ovary was given PA/PRO and the other one received saline as control. Ovaries were collected 14 days later to evaluate follicular development. (**A**) Ovarian histology by hematoxylin and eosin staining. (a), (d) and (b), (e) show 2 pairs of representative ovaries. (a) and (b) are control ovaries with intra-bursal injection of saline and (d) and (e) are ovaries with intra-bursal injection of PA/PRO. Black arrows indicate developing antral follicles; (c) and (f) are higher magnifications of (b) and (e), respectively. The inset in (f) shows growing primary follicles. (**B**) Distribution of follicles in control and PA/PRO-treated ovaries (n = 6). Sec, secondary follicles; EA, early antral follicles; LA, large antral follicles; CL, corpus luteal; A, atresia. \*, *P* \< 0.05, as compared with controls. (**C**) Quantification of average pup numbers derived from old mice after bi-lateral intra-bursal injection of PA/PRO (T). Some animals served as controls and had only saline injection into bi-lateral ovarian bursa (C). Monitoring of the menstrual cycle began 18 days later and only the mice in estrous were mated, always with male mice of proven fertility. \*, *P* \< 0.05 *vs.* controls.

Treatment with both mTOR and PI3K stimulators promoted the activation of primordial follicles of human ovarian cortex {#s0002-0003}
---------------------------------------------------------------------------------------------------------------------

Human primordial follicles were found to develop to the secondary stage of pre-antral development when cultured for 6 days in a serum-free medium.[@cit0031] Because the stimulatory effects of mTOR activators were manifested in both neonatal and aged mouse ovaries, human ovarian cortex cubes were next divided into different groups and treated with mTOR and PI3K stimulators singly or jointly at the indicated times. After removal of the stimulators, ovarian cortex cubes were further cultured until 6 days of total cultural time. As shown in [**Fig. 5Aa and b**](#f0005){ref-type="fig"}, most follicles in the ovarian cortex before culture were primordial or primary follicles (≈60% and ≈40%, respectively). After 6 days of in vitro culture, ovarian development was observed in all groups. In the control group, there were still a large proportion of follicles remains quiescent ([**Fig. 5Ac**](#f0005){ref-type="fig"}, arrow heads). Secondary follicles were scattered in the cortex and most of them were at early stages (transitional follicles from primary to secondary stage or secondary follicles with only 2--3 layers of granulose cells, [**Fig 5Ac and 5Ad**](#f0005){ref-type="fig"} arrows). However, secondary follicles in treated groups were found to form clusters ([**Fig. 5Ae and 5Af**](#f0005){ref-type="fig"}) and showed better development with more layers (\>3) of granulose cells around the oocyte ([**Fig 5Ag and 5Ah**](#f0005){ref-type="fig"}). BrdU labeling indicated increased proliferation of granulosa cells in developing secondary follicles when ovarian cortex cubes were treated with mTOR and PI3K stimulators jointly ([**Fig. 5Bc and 5Bd**](#f0005){ref-type="fig"}). Follicle counts were then performed in serial sections. As shown in [**Figure 5C**](#f0005){ref-type="fig"}, after ovarian cortical cubes were cultured in vitro for 6 days, there are significant increases of follicles recruited from the primordial pool and developed into growing follicles in all treated groups. Notably, more follicles developed into secondary follicles (≈2 fold increase over control values) and fewer follicles degenerated (≈1.6 fold decrease relative to control values) when mTOR and PI3K stimulators were added as indicated in the cultural media. These results suggest that human primordial follicles are activated by mTOR stimulators; mTOR and PI3K stimulators have a synergistic effect on human follicular development. Figure 5.Activation of human primordial follicles by mTOR and/or PI3K stimulators. Human ovarian cortex cubes were divided into 4 groups and treated as the following: C, control; T1, mTOR stimulators, PA/PRO (200 μM/50 μM) incubation for 24 h; T2, PI3K stimulators, bpV/740Y-P (100 mM/250 μg/ml) for 24 h, 740Y-P(250 μg/ml) only for another 24 h; T3, mTOR and PI3K simulators, PA/PRO (200 μM/50 μM) for 24 h; bpV/740Y-P (100 μM/250 μg/ml) for another 24 h. After treatment, the tissues were continuously cultured in normal control media for another 4-5 days until a total 6 days of culture time. (**A**) Representative histology of human ovarian cortex cubes after 6 days of in vitro culture. Black arrow head, primordial follicles; black arrow, secondary follicles. (a) and (b), Ovarian cortex with primordial follicles before culture: (b) higher magnification of (a). (c) and (d), Follicles in control group after 6 days of culture: (c) primordial follicle cluster; (d) early secondary follicle. (e) and (f), Two representative clusters of growing secondary follicles in the group treated with mTOR stimulators (T1 group): (e) lower magnification; (f) higher magnification. (g) Representative secondary follicle with more than 3 layers of granulosa cells in PI3K stimulators treated group (T2 group). (h) Large secondary follicle after combined application of mTOR and PI3K stimulators (T3 group). (**A**, left), the same bar; (**A**, right), the same bar. Bars = 100 μm. (**B**) BrdU incorporation into granulosa cells of growing follicles. BrdU was added to culture media during the last 24h before collecting samples for fixation. (a) and (b), control group; (c) and (d), mTOR and PI3K stimulators joint-treated group (T3 group). Bar = 100 μm. (**C**) Follicle dynamics after treatment with or without mTOR and/or PI3K stimulators. Sec, secondary follicles; de, degenerated follicles. \*, *P* \< 0.05; \*\*, *P* \< 0.01 *vs.* control or as indicated.

Discussion {#s0003}
==========

Although it still remains unknown why only a part of follicles are selected to grow during initial recruitment, recent genetic animal models revealed pivotal roles of intracellular oocyte PI3K signaling pathway in controlling primordial follicle activation.[@cit0008] mTORC1 is an indirect target of survival signals generated by PI3K.[@cit0018] Oocyte-specific deletion of mTORC1 negative regulators TSC1 and TSC2 showed identical phenotypes with premature activation of all primordial follicles.[@cit0017] However, in double knockout mice lacking both *Tsc1* and *Pten*, a negative regulator of PI3K in oocytes, rapid oocyte enlargement, and accelerated follicular activation indicated AKT-independent activation of mTOR during primordial follicle activation.[@cit0017] In addition to PI3K/AKT, other intracellular signals, such as PKC, MEK1, Erk, and RSK1 (p90 ribosomal S6 kinase), also contribute to mTOR activation by phosphorylating different residues of TSC1/TSC2.[@cit0013] Phosphatidic acid (PA), an intracellular lipid second messenger, was shown to activate mTOR signaling through displacement of the endogenous inhibitor FKBP38 from mTOR and allosteric activation of the kinase.[@cit0033] PA is a central node for lipid signaling and the most important source of PA in cells is PLD-mediated hydrolysis of phosphatidylcholine.[@cit0034] PA can also be generated from lysophosphatidic acid (LPA) and diacylglycerol (DG) and converted to both DG and LPA by PA phosphatase (PAP′ tase) and a type 2 phospholipase (PLA2).[@cit0036] It has been reported that extracellular PA can stimulate intracellular PLD and generate intracellular PA, thus amplifying the original signal.[@cit0022] In this study, treatment with PA or PA/PRO activated phosphorylation of mTOR downstream regulators S6K1 and rpS6 in cultured neonatal ovaries. After ovarian allo-transplantation, experimentation further testified to the stimulatory effects of PA and PRO on follicular development. When PA and PRO were used jointly, a synergistic effect was observed. The stimulatory effect of PA plus PRO was found to be blocked by mTOR inhibitor rapamycin but not by Akt inhibitor SH5. These results suggest that, like PI3K stimulators, PA and PRO can be used as mTOR stimulators to activate primordial follicles.

In mammals, the reproductive lifespan of the ovary is limited by oocyte quantity and quality.[@cit0037] At the end of reproductive life, the decline in fertility with increasing age is related to the concomitant decline of the primordial follicle pool.[@cit0038] Although the mechanism underlying age-associated decreases in the ovarian follicle pool remains unclear, direct depletion of resting follicles during initial recruitment may be part of the reason.[@cit0039] In the present study, although not many primordial follicles remained in the ovaries of older mice (≈15% of total follicles), after injection of PA and PRO into one lateral ovarian bursa, more growing follicles were observed than in control lateral ovaries. Follicle counting results showed these growing follicles were come from accelerated recruitment of primordial follicles after the treatment of PA plus PRO. These results suggest that, in old adult ovaries, mTOR stimulators also activated primordial follicles as in neonatal ovaries. Once activated, primordial follicles developed through primary and secondary stages until they became preovulatory follicles.[@cit0019] After females mated with fertile males, mice whose bi-lateral ovarian bursa had been injected with mTOR stimulators produced more live pups than other mice. In today\'s society, many women choose to delay motherhood beyond age 30 because of the requirements of their education, career, or other situation. Advancing female age is an important factor to the increasing incidence of reported infertility, which is usually associated with a noteworthy decrease in ovulated oocyte quality.[@cit0041] Although assisted reproduction (AR) can increase many couples' means of conceiving, the outcome of AR is also adversely affected by advancing maternal age.[@cit0042] Older prospective mothers display a reduced number of retrieved oocytes after ovarian stimulation for IVF.[@cit0044] In this way, although it is still unknown whether mTOR stimulators can overcome age-related decreases in oocyte quality, an approach to recruitment of more primordial follicles is here proposed: It may be helpful for women suffering aging-related infertility to obtain more mature oocytes for IVF treatment.

Complete in vitro folliculogenesis starting from primordial follicles has been achieved only in a multistep culture system in mouse.[@cit0045] Although a 2-step serum-free culture system supports development of human oocytes from primordial follicles, current culture conditions do not consistently produce follicles from the primordial stage up to the preovulatory stage.[@cit0031] However, this in vitro culture system with human ovarian cortex is enough for us to investigate the early steps of follicle recruitment after treatment with mTOR and/or PI3K stimulators. In our study, after 6 days of culture, follicular development was observed in all groups as in previous studies. When mTOR and PI3K stimulators were added separately for culture, both showed a nearly 2-fold decrease in the numbers of primordial follicles and obvious increases of secondary follicle development by histological analysis and follicle counting. Thus, as for the stimulatory effects on primordial follicles, there is no obvious difference between mTOR and PI3K stimulators.

Because studies in mice with oocyte-specific double knockout of *Pten* and *Tsc1* showed accelerated follicular activation, mTOR and PI3K stimulators were next used in combination to assess any synergistic effects that they might have on follicular activation.[@cit0017] Although there was only a subtle decrease in percentage of primordial follicles as compared with that in mTOR or PI3K separate treated groups, the development of primordial follicles to secondary follicles increased significantly after co-treatments with mTOR and PI3K stimulators. Follicle counting further demonstrated that the reason for such kind of increase was mainly because of the decrease of degenerated follicles. By using the same in vitro culture model, McLaughlin et al. demonstrated the stimulatory effects of the PTEN inhibitor, bpV(HOpic), on human primordial follicles. However, isolated and cultured follicles that had been exposed to bpV(HOpic) showed limited growth and reduced survival.[@cit0047] In mice, the other physiological function of intra-oocyte PI3K signaling is the regulation of primordial follicle survival.[@cit0009] In human ovarian cortex strips cultured in vitro, treatment with rapamycin, the mTOR inhibitor, resulted in oocyte loss characterized by empty follicles.[@cit0048] The results suggest PI3K or mTOR signaling participates in the regulation of the survival of primordial follicles. However, it is still unknown whether the 2 pathways regulate the survival of follicles in human in a coordinated fashion. Over the last decade, fertility preservation with ovarian transplantation and cryopreservation has been successfully reported worldwide, resulting in around 18 healthy babies by frozen cortical ovarian tissue transplantations.[@cit0049] Although the large number of primordial follicles could survive the freezing/thawing procedure, grafting of frozen ovarian tissues often means the limited developmental potential of those follicles.[@cit0050] In a case study in which multiple (\>20) follicles were grown after autografting of the cryopreserved tissue, many of the follicles were found to contain immature or atretic oocytes.[@cit0052] In this way, the current protocol, which has joint incubation with mTOR and PI3K stimulators, represents a better approach to increasing follicular survival for patients undergoing auto-transplantation with cryo-thawed ovarian tissues.

Previous studies showed that elevated activity of mTORC1 in oocytes resulted in follicular depletion in early adulthood and premature ovarian failure.[@cit0017] Whereas rapamycin, caloric restriction (CR) or metformin, that function mainly by the inhibition of mTORC1, can slow down age-related infertility in rodents.[@cit0053] The results testified the opinion that ovarian aging is quasi-programmed.[@cit0056] It can be delayed pharmacologically by preserving primordial follicle pool in the ovary. Therefore, mTOR signaling pathway likes a double-blade sword to regulate the balance between quiescence and senescence of oocytes. On one hand, mTOR stimulators can be used as a transient measure to activate primordial follicles under special conditions as mentioned. On the other hand, mTOR inhibitors serve as a long-term measure to preserve primordial follicles in the ovary.

In summary, the present study showed primordial follicles in both mouse and human ovarian tissues could be activated by mTOR stimulators, PA and PRO. When mTOR and PI3K stimulators were added jointly on cultured human ovarian cortex cubes, synergistic effects were observed with much better follicular development and significant decrease of follicular degeneration. In the years since the in vitro activation (IVA) method was established, it has been successfully applied in clinic for POF patients with a live birth reported last year.[@cit0020] Here, mTOR and PI3K stimulators together were found to provide an optimized protocol that can be used to treat infertility in middle-aged women and in POF patients with very limited residual follicles and in cancer patients with variable follicle density and distribution.

Materials and Experimental Methods {#s0004}
==================================

Ethical approval {#s0004-0001}
----------------

All experiments requiring the use of animals were approved by Committee on the Ethics of Animal Experiments of Nanjng Medical University. The study about human ovarian tissues was approved by the Institutional Review Boards of Nanjing Medical University and informed consent was obtained from each patient at recruitment.

Experimental animals {#s0004-0002}
--------------------

B6CBAF1 hybrid mice are the offspring of crosses between C57BL/6J females (B6) and CBA/J males (CBA). Both strains were obtained from Model Animal Research Center of Nanjing University (Nanjing, Jiangsu, China) and housed in the animal facility at Nanjing Medical University. Mice were maintained under controlled lighting conditions (12L:12D) with free access to food and water. Ovaries of 3-day-old B6CBAF1 females were used for short-term incubation and transplantation into kidney capsules of adult female mice of the same strain at 8--10 weeks of age. For IVF and embryo transfers, 25-day-old B6CBAF1 female mice were used to collect ovulated oocytes as positive controls. Pseudo-pregnant ICR mice, 8-weeks old, were used as recipients for 2-cell embryo transfer. 10-month old female ICR mice were chosen for intra-bursal injection and mating experiments.

Short term in vitro incubation of mouse ovaries and ovarian transplantation {#s0004-0003}
---------------------------------------------------------------------------

Paired ovaries were collected and treated as reported previously.[@cit0019] In brief, one ovary served as a control and the other one was treated with 200 μM phosphatidic acid (PA, 840875, Avanti Polar Lipids) and 50 μM propranolol (PRO, BML-ST405-0005, Enzo Life Sciences) for 24 h. The culture media was MEMalpha supplemented with 0.23 mM pyruvic acid, 50 mg/l streptomycin sulfate, 75 mg/l penicillin G, 3 mg/ml BSA, and 0.03 IU/ml FSH (Puregon, Merck). In some experiments, one ovary from the pair was cultured with PA plus PRO and the contra-lateral one was pretreated with the Akt inhibitor SH-5 (50 μM, 270-349-MC05, Enzo Life sciences) or mTOR inhibitor rapamycin (2.5 μM, R8781, Sigma) 1 h before PA and PRO were added to the culture medium.

After the treatment, paired ovaries from the same donor were randomly inserted under each kidney capsule of the same host. The host was ovariectomized to increase endogenous gonadotropin levels. One day after transplantation, hosts were treated daily with 1 IU FSH. Some animals were sacrificed at 14 days after transplantation to assess follicular development and some animals were given a single i.p. injection of hCG (10 IU, 110251282, Ningbo) at 18 days after transplantation to collect oocytes from grafted ovarian tissues.

Intra-bursal injection and mating protocol {#s0004-0004}
------------------------------------------

After animals were anesthetized with ketamine hydrochloride (80 mg/kg) and xylazine (12 mg/kg) (K113, Sigma), 2 small incisions were made on the peritoneum to externalize the ovaries. PA (200 μM) and PRO (50 μM) in 50 μl saline were freshly prepared and injected through the fat pad into the ovarian bursa using a 31-gauge insulin needle. For some animals, one lateral ovarian bursa was given PA plus PRO and the other lateral bursa received saline and served as a control. Ovaries were collected 14 days later to evaluate follicular development. For some animals, PA/PRO and saline were injected into bursas of both ovaries. Monitoring of the estrous cycle was started 18 days later and only mice in estrous were mated, always with males of proven fertility. After confirming mating with the formation of the fertilization plug (within 3--5 days), females were separated from males and pregnancy was allowed to progress until delivery. The mating rates and numbers of live pups were determined.

Follicle counting {#s0004-0005}
-----------------

Grafted ovaries and ovaries subjected to intra-bursal injection were collected and fixed in 10% buffered formalin for 12 h, embedded in paraffin, serially sectioned at a thickness of 7 μm, and then stained with hematoxylin and eosin. Ovarian follicles were counted using the fractionator and nucleator principles.[@cit0057] Simply, all follicles with a visible nucleus were counted every fifth section. The follicle classification system was based on Pederson\'s system:[@cit0058] oocytes surrounded by a flat layer of granulose cell were named as primordial follicles; Pederson class 3 follicles were named as primary follicles; Pederson class 4--5 follicles were named as secondary follicles; Pederson class 6 follicles were named as early antral follicles and Pederson 7-8 follicles were named as large antral follicles. Follicles were considered atretic if they contained either a degenerating oocyte, disorganized granulosa cells, pyknotic nuclei, shrunken granulosa cells, or apoptotic bodies.[@cit0057] Finally, to estimate the total number of follicles per ovary, all follicle numbers present in the marked sections was multiplied by 5.[@cit0059]

Immunoblotting analysis {#s0004-0006}
-----------------------

Proteins were extracted by RIPA lysis buffer (P0013B, Beyotime Institute of Biotechnology) with protease inhibitor cocktails (M221, Amresco). After separation by electrophoresis, proteins were electronically transferred to polyvinylidene fluoride membranes. After blocking in 5% skimmed milk-TBST (TBS containing 0.1% Tween 20) for 2 h, the membranes were incubated overnight at 4°C with specific antibodies. Antibodies against S6K1 (2708), p-S6K1 (T389) (9234), rpS6 (2217), p-rpS6 (S235/6) (4858), and β-tubulin (2128) were all rabbit antibodies and were purchased from Cell Signaling Technology. Horseradish peroxidase-conjugated goat anti-rabbit IgG (SC2004, Santa Cruz) were then used to detect proteins through enhanced chemiluminescence (RPN2232, Amersham).

Immunohistochemistry {#s0004-0007}
--------------------

Mouse ovaries were fixed in 10% buffered formalin for paraffin embedding and sectioning. After deparaffinization and rehydration, sections were processed for blocking of endogenous peroxidase activity and antigen retrieval pretreatment. Immunohistochemical analyses were performed using a Histostain Kit (856743, Invitrogen) with antibodies against p-rpS6 (S235/236) overnight at 4°C. For some sections, primary antibodies were replaced with non-immune rabbit IgG as negative controls.

Immunofluorescence {#s0004-0008}
------------------

Mature MII (metaphase II) oocytes collected from superovulated mice and grafted ovaries were for β-tubulin staining, and zygotes with 2 pronuclei collected after 10 h of IVF were used for anti-5-methylcytosine (5mC) staining (ab73938, Abcam). Collected oocytes and zygotes were first fixed with 4% paraformaldehyde (PFA) for 1 h at room temperature and then permeabilized for 15 min in PBS containing 0.1% Triton X-100 (T8787, Sigma). For 5mC staining, permeabilized zygotes were incubated in 4N HCl solution at room temperature for 10 min followed by neutralization in Tris-Cl, pH 8.0, for 10 min. After blocking non-specific binding of the antibodies with 5% BSA for 1 h at room temperature, samples were incubated with antibodies against β-tubulin and 5mC in PBS-1% BSA overnight at 4°C. After three washes in PBS-1% BSA, they were incubated with Alexa Fluor 488 goat anti-rabbit (CA11008, Invitrogen) and Alexa Fluor 488 goat anti-mouse secondary antibodies (CA11005, Invitrogen) at RT for 1 h. Then the nuclei were stained with 0.01 mg/ml Hoechst 33342 (H1399, Invitrogen) for 20 min. Oocytes and zygotes were viewed under a laser scanning confocal microscope (Zeiss LSM 510 META, Zeiss). For some oocytes and zygotes, non-immune IgGs were used as controls.

IVF and embryo transfer {#s0004-0009}
-----------------------

At 18 days after transplantation, hosts were treated with 10 IU hCG. Twelve hours later, grafted ovaries were collected into M2 medium (MR-015P-5D, Millipore). Oocytes were collected in media containing 0.3 mg/ml hyaluronidase (H3506, Sigma) by mechanically puncturing the grafted ovaries with fine needles. Only MII oocytes were used for in vitro fertilization. MII oocytes flushed from superovulated B6CBAF1 mice served as controls. Donor sperm were collected from B6CBAF1 mice (10 to 14 weeks old) into HTF media (2001, InVitroCare, incubated under oil for 1 h at 37°C in a 5% CO~2~ and 95% air for capacitation. Oocytes were then placed in 250 μl media with sperm (2--3 × 10^5^/ml) for 6 h and inseminated oocytes were removed into 20 μl droplets of KSOM media (MR-020P-5F, Millipore) under mineral oil and incubated at 37°C. Embryonic development was then scored and monitored until blastocyst stage.[@cit0019] For embryo transfer, 2-cell embryos were transferred into the oviducts of pseudopregnant ICR mice mated with vasectomized males of the same strain.

Human ovarian cortex culture and BrdU labeling {#s0004-0010}
----------------------------------------------

Ovarian fragments were obtained from patients with cervical cancer who had undergone risk-reducing bilateral salpingo-oophorectomy. Only patients who exhibited normal menstrual cycles were chosen for tissue collection. Except for one small piece of cortex that was fixed for histological examination, the left cortex from each patient was cut into small cubes (≈1 × 1 × 1 mm) and cultured on the membrane insert (10 pieces/insert, PICM01250, Millopore). The culture media was MEMalpha media containing 10% SSS (serum substitute supplement, 99193, Irvine Scientific), Penicillin G (75 μg/ml), streptomycin (50 μg/ml), ascorbic acid (50 μg/ml), sodium pyruvate (2 mM), and FSH (0.3 IU/ml). The media was added below the membrane insert to allow covering of the cubes with a thin layer of media. The cortical cubes were divided into 4 groups for treatment: (1) control; (2) PA (200 μM)/PRO (50 μM) incubation for 24 h; (3) bpV (100 μM) (1794-5, BioVision)/740Y-P (250 μg/ml)(1983, Tocris) for 24 h, 740Y-P (250 μg/ml) only for another 24 h; (4) PA (200 μM)/PRO (50 μM) for 24 h; bpV (100 μM)/740Y-P (250 μg/ml) for another 24 h. After treatment, culturing was continued in normal media for a total of 6 days of incubation with medium changing every 2 days. To evaluate cell proliferation, BrdU (00-0103, Invitrogen) at 0.01 mg/ml was added to the media and cultured cubes were collected 24 h later. Cubes were fixed immediately in 10% buffered formalin and serially sectioned for H&E or BrdU staining (XM-0013, ZSGB-BIO). During the period of in vitro culture, ovarian cortex samples from each patient were analyzed for follicle reserve by continuous sections followed by follicle counting. Only ovarian cortex containing 10--15 follicles/mm^3^ was chosen for the final statistical analysis.

Statistical analysis {#s0004-0011}
--------------------

Chi-square test or one-way ANOVA and Mann-Whitney U test were used to evaluate differences between groups. Data are mean ± SEM. A value of P \< 0.05 was considered significant.
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